Among the multiple components of propolis, flavonoids contribute greatly to the antioxidant activities of propolis. Flavonoids mainly exist in the form of sugar-conjugated derivatives. Quercetin glycosides represent the predominant flavonoid fraction in propolis. In this work, density functional theory (DFT) calculations were applied to analyze the antioxidative properties of quercetin and its glucosides in the gas and in the liquid phase (ethanol, water). Three main antioxidant mechanisms, hydrogen atom transfer (HAT), single electron transfer followed by proton transfer (SET-PT) and sequential proton loss electron transfer (SPLET) were used to analyze the antioxidative capacity of the investigated compounds. Solvent effects dominantly affect SET-PT and SPLET. Thus, the thermodynamically preferred mechanism can be altered. HAT and SPLET are the thermodynamically dominant mechanisms in gas and solvent phases, respectively. Therefore, in the gas phase, the sequence of the antioxidative capacity is similar with the bond dissociation enthalpy values: quercetin > quercetin-5-O-glucoside > quercetin-7-O-glucoside > quercetin-3-O-glucoside > quercetin-3′-O-glucoside > quercetin-4′-O-glucoside. While, in the solvent phases, the sequence is similar with the proton affinity values: quercetin-4′-O-glucoside > quercetin-5-O-glucoside > quercetin > quercetin-3-O-glucoside > quercetin-7-O-glucoside > quercetin-3′-O-glucoside. OH groups in B-ring and C-ring contribute mainly to the antioxidative activities of quercetin and glucosides compared with A-ring.
All of these mechanisms may occur in parallel, but with different rates. The thermochemistry of the reactions may be a competitive antioxidant process as the reactivity is driven by kinetics. In this work, we mainly focused on the thermochemistry of the reactions as most of the works that concern the antioxidant activity of the flavonoids have done [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Results and Discussion
Molecular descriptors. The structure of quercetin and its different glucosides are present in Fig. 1 . To characterize the antioxidant property of a flavonoid, it is vital to analyze electronegativity, electron affinity, hardness and electrophilicity index. The chemical hardness is a measure of resistance to charge transfer, while the electronegativity is a measure of the tendency to attract electrons in a chemical bond and is defined as the negative of the chemical potential in DFT 35 . The maximum electron flow between a donor and an acceptor is governed by the decomposition of binding energy between the atoms and it is determined by the factor electrophilicity index 36 . The above molecular descriptor values obtained from the total energy method for the investigated compound are displayed in Table 1 . The calculated molecular properties clearly confirms that quercetin and its glucosides prefer to act as electron donor rather than electron acceptor in the studied environments 16, 17 . This is also an indication of their antioxidant activity.
HAT mechanism. HAT is a major mechanism in which H atom directly transfers from antioxidant by homolytic O-H bond cleavage to free radical to break oxidative chain reaction. BDE is the numerical parameter related to HAT mechanism and characterizes the stability of the corresponding hydroxyl group. The lower BDE value indicates that the stability of the corresponding O-H bond is lower and the corresponding O-H bond can be easily broken 20, 26, 28, 29 . Hence, higher is the antioxidant capacity of the compound. In the gas and solvent phases, the calculated BDE values of quercetin and its glucosides are listed in Table 2 . For quercetin, the BDE values of 4′-OH and 3-OH are lower than that of other hydroxyl groups in the gas and solvent phases, respectively. For quercetin-3′-O-glucoside and quercetin-4′-O-glucoside, the lowest BDEs are in the C-ring. While, in the remaining glucosides, the lowest BDEs is in the B-ring. For quercetin and its glucosides, except compound quercetin-5-O-glucoside, in which the hydrogen atom of 5-OH group is substituted by a glucose, the BDE values of 5-OH are remarkably larger than the BDE values of other OH group, indicating that H-atom subtraction from 5-OH is more difficult than other OH groups. This result can be attribute to the intramolecular hydrogen-bond between 5-OH and the nearby C=O group. In such case, hydrogen atom subtracting from 5-OH also requires breaking the intramolecular hydrogen-bond. As can be concluded from the above discussions, OH groups in B-ring and C-ring contribute mainly to the antioxidative activities of quercetin and its glucosides, whereas OH groups in A-ring play relatively little role in HAT mechanism. From the magnitude of the lowest BDE value in quercetin and different derivatives, it seems that theantioxidant activity in the gas phase can be ranged in the following sequence: q ue rc etin > quercetin-5-O-glucoside > quercetin-7-O-glucoside > quercetin -3-O-glucoside > quercetin-3′-O-glucoside > quercetin-4′-O-glucoside in HAT mechanism. While in the ethanol and water phases, the sequence is: quercetin > quercetin-3′-O-glucoside > quercetin-7-O-glucoside > quercetin-5-O-glucoside > quercetin-4′-O-glucoside > quercetin-3-O-glucoside. Therefore, substituted the hydroxyl group by a glucose would reduce the antioxidant activity of quercetin through HAT mechanism. In addition to the magnitude of BDEs, the stability of radical is another important factor that influences antioxidative activity of flavonoids. The more stable radical may indicate stronger antioxidative capacities of the compound. Spin density is a reliable parameter in rationalizing the stability of radical species 20, 28, 29 . The spin density distributions of flavonoid radicals in the gas phase were calculated and presented in Fig. 2 and Supplementary Information to explain the differences in BDE and the reactivity of the OH sites. Take the spin density of quercetin as the example. In Fig. 2 , the spin density of the C5-O5 · and C7-O7 · flavonoid radicals is high on the O-atom compared to the C4′-O4′ · , C3′-O3′ · and C3-O3 · radicals in the gas phase. This means that the formation of C3′-O3′ · , C4′-O4′ · and C3-O3 · radicals are more favorable for spin density localization than the formation of C5-O5 · and C7-O7 · flavonoid radicals 20, 28, 29 . This also means that the stabilization of the C3′-O3′ · , C4′-O4′ · and C3-O3 · radicals are higher than C5-O5 · and C7-O7 · flavonoid radicals 20, 28, 29 . The similar results can be found for the quercetin derivatives in Figures S1-S5 in the Supplementary Information. Therefore, the BDE values are lower in the B and C ring than in the A ring.
Water and ethanol are the common used solvents to extract flavonoids from propolis. When the surrounding environments of quercetin and its glucoside change from gas phase to solvent phases, the BDE values decrease. For example, the deviation between gas phase and water of BDE values is 19.2, 17.7, 19.9, 19.7, 20.4 for the 3′-OH group in quercetin, quercetin-4′-O-glucoside, quercetin-3-O-glucoside, quercetin-5-O-glucoside and quercetin-7-O-glucoside, respectively. This means that polar phase facilitates the HAT mechanism.
SET-PT mechanism. Scavenging the free radicals may also be achieved by donating a single electron from natural flavonoid. The electron donating ability of a flavonoid is related to an extended electronic delocalization over the entire molecule. A flavonoid having a high degree of π-delocalization is more active 20, 26, 28, 29 . The calculated ionization potentials (IPs) for quercetin and its derivatives in the gas phase as well as in solvent are given in Table 3 . The trend of the computed IPs for the investigated compounds is different from that of the BDEs. It is obvious that quercetin seems to donate an electron most easily, followed by
Proton dissociation enthalpy (PDE) characterizes the second step of SET-PT mechanism and can indicate the thermodynamically preferred OH group for deprotonation from the cation radical. The calculated PDEs for quercetin and its glucosides in the gas phase as well as in solvents are given in Table 4 . For quercetin, the PDE values of 4′-OH and 3-OH are lower than that of other hydroxyl groups in the gas and solvent phases, respectively. In the studied environments, the lowest PDEs in quercetin-3′-O-glucoside and quercetin-4′-O-glucoside are in the C-ring. While, in the remaining glucosides, the lowest PDEs is in the B-ring. The trends observed for PDEs are analogous with those for BDEs, because the second step of the SET-PT mechanism also results in the quercetin radical formation. The PDE values of 5-OH and 7-OH in A-ring are remarkably larger than that of other OH groups in B-ring and C-ring. In such case, hydrogen atom abstraction from A-ring is more difficult than B-ring and C-ring. In other words, OH groups in B-ring and C-ring contribute greatly to the second step of SET-PT mechanism, whereas OH groups in A-ring play relatively little role.
It is well known that the charged species are quite sensitive to the polarity of the environments 26, 28, 29 . The SET-PT mechanism is related with the formation and breaking of flavonoid cation radical which possess a positive charge. As expected, the values of IPs and PDEs in solvent phases would significantly change compared with in the gas phase. As can be seen from Tables 3 and 4 , the IP and PDE values in ethanol and water are dramatically lower than that in the gas phase. The average deviation between gas phase and solvent environments were more than 200 kJ/mol and 900 kJ/mol for IP and PDE, respectively. This confirms that the polar medium can facilitate electron donation. The causes may be that: (1) the radical cation is more stable in the polar environments; (2) the delocalization and conjugation of the π-electrons of the quercetin and its glucoside derivatives molecule is more delocalized in polar environments 37 . For multiple steps mechanism, the first step is the most important one from the thermodynamic point. Therefore, for SET-PT mechanism, from the sequence of IP values, the antioxidant activity of the investigated compounds can be ranged in the following order:
in the studied environments. Therefore, substituted the hydroxyl group by a glucose would reduce the antioxidant activity of quercetin through SET-PT mechanism.
SPLET mechanism. SPLET is the third important antioxidative mechanism by which antioxidant trap free radicals. Previous studies for phenolic antioxidants have confirmed the important role of SPLET in polar solvents 26, 28, 29 . Thus, the possible contribution of SPLET was investigated to explore the radical scavenging activity of quercetin and its derivatives.
According to the mechanism of SPLET, formation of flavonoid anion is the first step, which is governed by the acid strength of OH group in flavonoid. It is especially important not only in the first step of SPLET mechanism but also connected with metal chelation action of flavonoids. Table 5 presents the calculated proton affinities (PAs) values in gas phase as well as in solvents for quercetin and its glucosides. By comparison, it can be deduced that the PA values of 3′-OH is smaller than that of other hydroxyl groups for quercetin-4′-O-glucoside in all the studied environments. For quercetin and other glucosides, the PA values of 4′-OH are always smaller than that of other hydroxyl groups in all the studied environments. This clearly shows that formation of flavonoid -O − anion in B-ring is easier than that of other anions. It can be also seen that the PA values of 5-OH are always larger than that of other hydroxyl groups in quercetin and its different derivatives. This demonstrates that formation of 5-O − anion is more difficult than other anions. This can be ascribed to the formation of intramolecular hydrogen-bond between 5-OH and adjacent carbonyl group. Therefore, for quercetin and its glucosides, the lowest PA value can be ascribed predominantly to B-ring, while, the largest PA value is mainly on the A-ring.
The first step of SPLET mechanism is also related with the formation charge species. Due to the high solvation enthalpies of proton and anion, the PA values decrease drastically from gas phase to solution. This result is similar to the case of PDE. The average deviations of PAs between the gas phase and the solvents were exceeding 1200 kJ/ mol. This indicates that polar solvents can accelerate the deprotonation process of flavonoid.
From the magnitude of the lowest PA values in quercetin and different glucosides, it seems that in the gas phase, proton is most easily heterolytic cleavage from quercetin-3-O-glucoside, followed with quercetin-5-O-glucoside, quercetin According to the mechanism of SPLET, formation of flavonoid radical is the second step, which is governed by electron transfer enthalpy (ETE). Table 6 presents the calculated ETE values in gas phase as well as in solvents for quercetin and its derivatives. In the gas phase, the lowest ETEs were found for 3′-O · radical formation in quercetin, quercetin-3-O-glucoside, quercetin-5-O-glucoside and quercetin-7-O-glucoside. In quercetin-3′-O-glucoside and quercetin-4′-O-glucoside, lowest ETEs were found for 3-O · formation. In the ethanol and water phases, lowest ETE was found for 3′-O · formation in quercetin-3-O-glucoside. While, the lowest ETEs were found for 3-O · radical formation in quercetin and other derivatives. Although, the lowest ETEs cannot be ascribed predominantly to B ring or C ring, the biggest ETE values can be found in 7-O · radical formation. As can be concluded from the above discussions, OH groups in B-ring and C-ring contribute greatly to the second step of SPLET mechanism, whereas OH groups in A-ring play relatively little role. Table 4 . Proton dissociation enthalpies (PDE) in kJ/mol obtained at M062X/6-311 + G** level of theory.
In solution, ETEs are higher than the corresponding gas phase values. The average deviations between the gas phase and ethanol are exceeding 90 kJ/mol, and that between the gas phase and water are more than 110 kJ/mol. These results indicate that the polar environments is less favored in the second step of SPLET mechanism.
In SPLET mechanism, according to the value of PAs, the antioxidant activity of the investigated compounds can be ranged in the following order: > quercetin-3-O-glucoside > quercetin-5-O-glucoside > quercetin-7-O-glucoside > quercetin > quercetin-3′-O-glucoside > quercetin-4′-O-glucoside in the gas phase. Therefore, substituted the hydroxyl group by a glucose in the 3-site, 5-site and 7-site would increase the antioxidant activity of quercetin through SPLET mechanism in the gas phase. While, substituted the other hydroxyl group by a glucose would reduce the antioxidant activity of quercetin through SPLET mechanism. In the solvent phases, the sequence is: quercetin-4′-O-glucoside > quercetin-5-O-glucoside > quercetin > quercetin-3-O-glucoside > quercetin-7-O-glucoside > quercetin-3′-O-glucoside. Therefore, substituted the hydroxyl group by a glucose in the 4′-site and 5-site would increase the antioxidant activity of quercetin through SPLET mechanism in the solvent phases. While, substituted the other hydroxyl group by a glucose would reduce the antioxidant activity of quercetin through SPLET mechanism.
Frontier orbitals. The energy and distribution of the frontier orbitals are also important parameters that correlate with the antioxidative activity of the flavonoids. The calculated frontier orbital distributions and energies in the gas phase for quercetin and its glucosides are present in Fig. 3. From Fig. 3 Table 6 . Electron transfer enthalpies (ETE) in kJ/mol obtained at M062X/6-311 + G** level of theory.
distributions were present in the HOMO and LUMO orbitals for the investigated compounds. More importantly, the HOMO orbitals are mainly localized on the B-ring and C-ring, whereas the LUMO orbitals are distributed over the whole molecule. This means that the OH groups in the B-ring and C ring in quercetin and its glucosides would be more easily attacked by free radicals 20, 28, 29 . This result is the same with the BDE and PA values which govern the HAT and SPLET mechanisms, respectively. The electron donating ability of flavonoid is related with the HOMO energies. The molecules with higher HOMO orbital energy have stronger electron donating abilities 20, 28, 29 . It can be observed from Fig. 3 that quercetin provided the highest HOMO energy (−6.845 eV), followed by quercetin-7-O-glucoside (−6.908 eV), quercetin-5-O-glucoside (−6.940 eV), quercetin-3′-O-glucoside (−7.001 eV), quercetin-4′-O-glucoside (−7.210 eV) and quercetin-3-O-glucoside (−7.275 eV). This clearly shows that quercetin has the strongest electron-donating capability among the studied compounds. By comparison, the predicted electron-donating capability sequence according to HOMO energies was found to be the same as that for the IP.
Thermodynamically preferred mechanism. Strictly speaking, thermodynamically favored mechanism is decided by free energy (Δ r G). The calculated equation for free energy is Δ r G = Δ r H − TΔ r S. According from the equation, Δ r G is determined by Δ r H and TΔ r S. However, in the case of studied reactions, the absolute values of the entropic term, TΔ r S, reach only few units or tens of kJ/mol 26, 38 . Therefore, the free energies are mainly influenced by the enthalpy term Δ r H. As stated in the experimental section, IPs and PAs are reaction enthalpies related to the first step of the SET-PT and SPLET mechanisms, and therefore the HAT, SET-PT and SPLET mechanisms are mainly governed by BDEs, IPs and PAs, respectively. Thus, the thermodynamically preferred reaction pathway involved in the free radical scavenging process can be determined by the BDEs, IPs and PAs. By comparison, it is found that in the gas phase, the calculated IPs and PAs of quercetin and its glucosides are significantly higher than the BDEs, and hence from the thermodynamic point of view, HAT represents the most favorable process in the gas phase. From the magnitude of the lowest BDE value, in the gas phase, the antioxidative capacity increase in the order: quercetin-4′-O-glucoside < quercetin-3′-O-glucoside < quercetin-3-O-glucoside < quercetin-7-O-glucoside < quercetin-5-O-glucoside < quercetin. Therefore, substituted the hydroxyl group by a glucose would reduce the antioxidant activity of quercetin in the gas phase. In ethanol and water phases, large decrease in the PAs makes SPLET more favorable mechanism than HAT and SET-PT. Available experimental and theoretical studies for flavonoids have also confirmed the important role of the SPLET mechanism in polar solvents. From the magnitude of the lowest PA value, in the ethanol and water phases, the antioxidative capacity can be ranked in the following order In the studied environments, the calculated IPs are significantly higher than the BDEs and PAs. Therefore, SET-PT is the thermodynamically least preferred mechanism in the studied environments.
Results obtained for studied environments indicate that HAT mechanism can be assigned to the 4′-OH or 3-OH group in the ring C or ring B for quercetin and its glucosides. For SPLET, thermodynamically preferred OH groups are 3′-OH or 4′-OH in ring B. Therefore, from the thermodynamically aspect, OH groups in B-ring and C-ring contribute mainly to the antioxidative activities of quercetin and its glucosides.
Conclusions
In this work, the antioxidative properties of quercetin and its glucosides in the gas, ethanol and water phases were studied from theoretical aspect. The calculated molecular properties (electronegativity, ionization potential, electron affinity, hardness and electrophilicity index) clearly confirm that quercetin and its glucosides prefer to act as electron donor rather than electron acceptor in the studied environments. This is an indicator of their antioxidative activity. Based on the above result, three main antioxidant mechanisms, namely HAT, SET-PT and SPLET were taken into account to analyze the antioxidative capacity of quercetin and its glucoside derivatives in the gas, ethanol and water phases.
As for the HAT mechanism, from the magnitude of the lowest BDE values, in the gas phase the sequence of antioxidant ability of the investigated compounds is: q ue rc etin > qu er ce ti n- As for SET-PT mechanism, in the studied environments, the antioxidant activity of the investigated compounds can be ranged in the following order: quercetin > quercetin-7-O-glucoside, quercetin-5-O-glucoside, quercetin-3′-O-glucoside, quercetin-4′-O-glucoside and quercetin-3-O-glucoside.
In SPLET mechanism, in the gas phase, the antioxidant activity of the investigated compounds can be ranged in the following order: quercetin-3-O-glucoside > quercetin-5-O-glucoside > quercetin-7-O-glucoside > quercetin > quercetin-3′-O-glucoside > quercetin-4′-O-glucoside in the gas phase. While in the solvent phases, the sequence is:
Solvents induce significant changes in the enthalpies of charged species, which dominantly affects SET-PT and SPLET, especially the value of PAs. Thus, for quercetin and its glucosides, the thermodynamically preferred mechanism of the antioxidative progress can be altered by the environments. For the antioxidative progress, HAT is the thermodynamically dominant process in gas phase, while SPLET is more favored in etha nol and water environments. Therefore, in the gas phase, the sequence of the antioxidative capacity is: q ue rc etin > quercetin From the calculated results, OH groups in B-ring and C-ring contribute mainly to the antioxidative activities of quercetin and glucosides compared with A-ring.
These studies deepen our understanding on the antioxidative capacity of quercetin and its glucosides in gas, ethanol and water phases. It may also shed light on the studies of flavonoids and glucosides in the studied environments and other solvents in the future.
Methods
Computational details. Molecular descriptive parameters. The molecular descriptive parameters including the electronegativity (χ), IP, electron affinity (EA), chemical hardness (η), softness (S), and electrophilicity index (ω) 39 are very vital to characterize the antioxidant property of flavonoids. The electronic properties are computed by calculating the total energy (E V ) of the species. The IP is calculated as the energy difference between the compound derived from electron-transfer (radical cation) and the respective neutral compound: IP E = E cation − E n . The EA is computed as the energy difference between the neutral molecule and the anion molecule: EA = E n − E anion . The χ, η, S and ω are computed by using the Eqs (7-10) 36, [39] [40] [41] .
η ≈ − (IP EA)/2 (8)
ω µ η ≈ /2 (10) 2 Antioxidant mechanism. The HAT mechanism is a hydrogen atom abstraction from the flavonoid hydroxyl groups to the free radical by homolytic cleavage. The capacity of this mechanism is essentially driven by the O-H BDE. The BDE was calculated by Eq. (11) . The lower BDE parameter characterizes better antioxidant property of the investigated compound.
